This study presents continued development of the Nenes and Seinfeld (2003) 
Introduction
Of the most uncertain of anthropogenic climate forcings is the effect of aerosols on clouds (IPCC, 2001 ). Calculation of cloud properties from precursor aerosol in general circulation models (GCMs) has often relied on empirical (phenomenological) correlations (e.g. Boucher and Lohmann, 1995; Gultepe and Isaac, 1996) , which are subject to significant uncertainty. To address this limitation, first-principle approaches (e.g., Ghan et al., 1997; Lohmann et al., 1999) have been proposed, which require setting up a cloud droplet number balance in each GCM grid cell; processes such as the activation of aerosol into cloud droplets, evaporation, and collision/coalescence affect droplet number concentration. Explicitly resolving each of these processes is far beyond anything computationally feasible for GCMs, so, a prognostic GCM estimate of the aerosol indirect effect must rely on parameterizations of aerosol-cloud interactions.
The chemical complexity and heterogeneity of global aerosol can have an important effect on activation and must be included in aerosol-cloud interaction studies (e.g., Nenes et al., 2001; Rissman et al., 2002; Lance et al., 2004) . Incorporating such complexity into extant parameterizations is not a trivial task. For example, the presence of surface active species may facilitate the activation of cloud condensation nuclei (CCN) into cloud droplets (Facchini et al., 1999) . The influence of surfactants depends on their concentration (e.g., Shulman et al., 1996; Charlson et al., 2001 ) which varies considerably with CCN dry size (e.g., Charlson et al., 2001; Rissman et al., 2004) .
Because of this, an explicit relationship between the critical supersaturation, s c (the supersaturation required to activate a CCN into cloud droplet) and the critical diameter, D c is not possible (Li et al., 1998; Rissman et al., 2004) , and becomes challenging to explicitly include the effect of organics that may affect the condensational growth of CCN.
The NS parameterization
NS is based on a generalized sectional representation of aerosol size and composition (internally or externally mixed), with size-varying composition. The NS methodology involves two steps: The first involves calculation of CCN concentration as a function of supersaturation (the "CCN spectrum") using the appropriate form of Köhler theory (e.g., Seinfeld and Pandis, 1998) . In the second step, the CCN spectrum is included within the dynamical framework of an adiabatic parcel with a constant updraft velocity (or cooling rate), to compute the maximum supersaturation, s max , achieved during the cloud parcel ascent. Calculation of s max is based on a balance between water vapor availability from cooling and water vapor depletion from the condensational growth of the CCN. CCN with s c ≤ s max will then be activated into droplets.
NS introduce the concept of "population splitting" to obtain an analytical expression for the water vapor condensation rate; an integro-differential equation is this way reduced to an algebraic equation which can be numerically solved. Population splitting entails division of the CCN into two separate populations: those which have a size close to their critical diameter (the diameter a CCN must grow to before experiencing unstable growth), and those that do not. As a result of this approach, kinetic limitations on droplet growth are explicitly considered, and, (compared with other mechanistic parameterizations), the reliance on empirical information or correlations is significantly reduced. A comparison of NS with extant parameterizations is done in Nenes and Seinfeld (2003) and will not be repeated here.
NS formulation for lognormal aerosol
The sectional representation of aerosol size and composition gives the most general description of aerosol size distribution. However, if such a representation is not available in a host model, it may be unnecessarily costly to implement. Instead, a formulation using a lognormal description of the aerosol may be preferred and is derived here.
Representation of the CCN spectrum
Using the nomenclature of Nenes and Seinfeld (2003) 
taken to be of the single or multiple lognormal form,
where D p is particle diameter, N i is the aerosol number concentration, D g,i is the geometric mean diameter of mode i, σ i is the geometric standard deviation for mode i, and n m is the number of modes in the distribution. 
where
The critical supersaturation of a particle with diameter D p is 
Substitution of Equations (1), (3), (5) and (6) into (2) where s g,i is the critical supersaturation of a particle with diameter D g,i .
From Equation (7) 
If the maximum parcel supersaturation, s max , is known, the activated droplet number, N d , can be calculated from Equation (8), as
Calculating s max and droplet number concentration
The maximum supersaturation, s max , is calculated from an equation that expresses the water vapor balance (Nenes and Seinfeld, 2003 and V is the cloud parcel updraft velocity, ρ w is the density of water, T is the parcel temperature, M w is the molecular weight of water, L is the latent heat of condensation of water, p s is the water vapor pressure, c p is the heat capacity of air, p is the ambient pressure and R is the universal gas constant. G in Equation (10) is given by The quantity I(0,s max ) in Equation (12) is defined as,
D p (τ) denotes the size of a CCN when it is exposed to s = s c ; τ is the time needed (above cloud base) to develop the supersaturation needed for its activation. A common assumption (e.g., used by Ghan et al., 1993) 
Calculation of Integral I(0,s max )
We can approximate I(0,s max ) by employing the "population splitting" concept of NS:
where s part is the "partitioning critical supersaturation" (Nenes and Seinfeld, 2003) , that defines the boundary between the CCN populations. In Equation (14) M s is the solute molecular weight, ν is the effective Van't Hoff factor and ρ s is the density of the solute and A=4M w σ/RΤρ w . Equation (17) assumes that the CCN are completely soluble; appropriate modifications should be used if the CCN contain a slightly soluble (Laaksonen et al., 1998) , insoluble (e.g., Seinfeld and Pandis, 1998) or surfactant fraction .
The integration of Equations (15) and (16) 
It should be noted that the integrals in equations (18) through (20) bears some similarity with the formulations of Abdul-Razzak et al. (1998) ; this similarity arises from the usage of lognormal distributions. However, our formulations are distinctly different, as, i) they arise from the application of population splitting and thus use the integrals in a distinct manner, and, ii) lack the post-integration modificiations applied by Abdul-Razzak et al.
(1998).
Using the parameterization
The procedure for using the modal formulation is similar to the sectional aerosol formulation (Nenes and Seinfeld, 2003) . (18) and (19) are substituted into Equation (10), and solved for s max using the bisection method. The number of droplets is computed from Equation (9). An evaluation of the modal formulation is provided in section 6.2.
Including size-dependant growth kinetics into NS
In developing the sectional and modal formulations of NS, we have assumed that the diffusivity of water vapor onto the droplets,
, is independent of their size. Although a good approximation for water droplets larger than 10µm (Seinfeld and Pandis, 1998) , it substantially decreases for smaller and potentially multicomponent drops (Seinfeld and Pandis, 1998) . As a result, water vapor condensation in the initial stages of cloud formation is overestimated and the stronger competition for water vapor biases the parcel supersaturation low. This results in an underestimation of cloud droplet concentration, which worsens if the presence of film-forming compounds further impedes the growth rate. It is important to note that other mechanistic parameterizations (e.g., Ghan et al., 1993; Abdul-Razzak et al., 1998; Rissman et al., 2004 ) also neglect size-dependence of the diffusivity coefficient and also tend to underestimate N d (Nenes and Seinfeld, 2003) .
Size effects on water vapor diffusivity can be introduced by the following relationship (Fukuta and Walter, 1970) ,
where a c is the accommodation coefficient, a fundamental parameter that expresses the probability of a water vapor molecule remaining in the droplet phase upon collision (Seinfeld and Pandis, 1998) , (Pruppacher and Klett, 2000; Shaw and Lamb, 1999; Conant et al., 2004) . The presence of organic films can further decrease the accommodation coefficient; although still controversial, there are indications that such compounds exist in the atmosphere (e.g., Chuang, 2003 (Nenes and Seinfeld, 2003) ,
, like in Equation (13), is assumed to be equal to the critical diameter D c =8M w σ/3RΤρ w s c , while the supersaturation integral in Equation (25) can be evaluated using the lower bound of Twomey (1959) :
where s(τ) is the parcel supersaturation at time τ. Substituting Equation (26) into (25) 
where s c,min is the critical supersaturation of the largest CCN that exceeds its critical diameter. Equation (27) ). An average error of 6% (±1%) was observed for the theoretical method, which slightly underperforms against the empirical method (average error=2%, ±0.9%). We thus choose to use the empirical method until an alternate theoretical criterion is derived.
Assessment of D p,big and D p,low calculation methods

Both methods of calculating
Evaluation of modified NS parameterization
Method
The sectional formulation of the parameterization, as well as the diffusivity modification
were assessed for their ability to reproduce simulations from the adiabatic cloud parcel model of Nenes et al., (2001) over a large range of aerosol size distributions and updraft velocities. The detailed numerical parcel model used in this study has been widely used and recently evaluated with in-situ data (Conant et al., 2004) . Table 2 shows all the simulation sets used for the evaluation of the parameterization. Both single and tri-modal aerosols were considered, for number concentrations and mode diameters characteristic of tropospheric aerosol. For trimodal aerosol, we have selected four of the Whitby (1978) trimodal representations, namely the marine, clean continental, average background, and urban aerosol representations (Table 3 ). The updraft velocities used in our evaluation ranges between 0.1 and 3.0 m s -1 ; together with the wide range of aerosol number concentrations considered, smax varies from 0.01% to over 1%, covering the climatically important range of cloud droplet formation conditions.
Evaluation of the modal formulation
Evaluation of the modal formulation is done by comparing its predictions of N d with those of the sectional parameterization. We consider the activation of lognormal aerosol, so both formulations should give the same droplet number (provided the discretization error of the sectional formulation is insignificant). This is shown in Figure 3 , which depicts the parameterized N d , using the sectional vs. the modal formulation. Cases considered were for a single mode lognormal aerosol with D p,g ranging between 0.05 to 0.75µm, σ i ranging between 1.1 to 2.5, and for updraft conditions ranging between V = 0.1 to 3.0 ms -1 . The sectional formulation used 200 sections for discretizing the lognormal distribution. Regardless of activation conditions, the parameterization with modal formulation is as robust as the parameterization with the sectional representation (average error ≈ 1%, standard deviation ≈ 0.3%). Therefore, for lognormal aerosol, both formulations can be interchanged without any loss in accuracy. The advantage of using the lognormal distribution is that it is simpler to implement and, more than two orders of magnitute faster on a Pentium PC, than the sectional formulation (with 200 sections). Figure 4 displays the droplet number concentration as predicted by NS and by the ) parcel model for the aerosol conditions of Table 3 . The parameterized droplet number concentrations closely follow the parcel model simulations; however, there is a tendency for underestimation, which is not significant for a c =1.0, but worsens as a c decreases ( Figure 5 ). This problem is resolved by substituting D v ' in the G term of Equation (17) ).
Evaluation of parameterization with modified diffusivity
Summary
The aerosol activation parameterization developed by Nenes and Seinfeld (2003) Table 2 , and for a c = 0.005. All simulations assume P = 800mbar and T = 283K. 
